Fry BC, Edwards A, Sgouralis I, Layton AT. Impact of renal medullary three-dimensional architecture on oxygen transport. Am J Physiol Renal Physiol 307: F263-F272, 2014. First published June 4, 2014 doi:10.1152/ajprenal.00149.2014.-We have developed a highly detailed mathematical model of solute transport in the renal medulla of the rat kidney to study the impact of the structured organization of nephrons and vessels revealed in anatomic studies. The model represents the arrangement of tubules around a vascular bundle in the outer medulla and around a collecting duct cluster in the upper inner medulla. Model simulations yield marked gradients in intrabundle and interbundle interstitial fluid oxygen tension (PO 2), NaCl concentration, and osmolality in the outer medulla, owing to the vigorous active reabsorption of NaCl by the thick ascending limbs. In the inner medulla, where the thin ascending limbs do not mediate significant active NaCl transport, interstitial fluid composition becomes much more homogeneous with respect to NaCl, urea, and osmolality. Nonetheless, a substantial PO 2 gradient remains, owing to the relatively high oxygen demand of the inner medullary collecting ducts. Perhaps more importantly, the model predicts that in the absence of the three-dimensional medullary architecture, oxygen delivery to the inner medulla would drastically decrease, with the terminal inner medulla nearly completely deprived of oxygen. Thus model results suggest that the functional role of the three-dimensional medullary architecture may be to preserve oxygen delivery to the papilla. Additionally, a simulation that represents low medullary blood flow suggests that the separation of thick limbs from the vascular bundles substantially increases the risk of the segments to hypoxic injury. When nephrons and vessels are more homogeneously distributed, luminal PO 2 in the thick ascending limb of superficial nephrons increases by 66% in the inner stripe. Furthermore, simulations predict that owing to the Bohr effect, the presumed greater acidity of blood in the interbundle regions, where thick ascending limbs are located, relative to that in the vascular bundles, facilitates the delivery of O 2 to support the high metabolic requirements of the thick limbs and raises NaCl reabsorption. mathematical model; hypoxia; thick ascending limb transport; metabolism ANATOMIC STUDIES IN THE MEDULLA of rodent kidneys have revealed a highly structured organization of nephrons and vessels. In the inner stripe, descending vasa recta (DVR) and some of the ascending vasa recta (AVR) are isolated within tightly packed vascular bundles, separated from the thick ascending limbs (TALs) and collecting ducts (CDs). That arrangement continues into the upper inner medulla (IM), with CDs forming clusters that exclude DVR.
mathematical model; hypoxia; thick ascending limb transport; metabolism ANATOMIC STUDIES IN THE MEDULLA of rodent kidneys have revealed a highly structured organization of nephrons and vessels. In the inner stripe, descending vasa recta (DVR) and some of the ascending vasa recta (AVR) are isolated within tightly packed vascular bundles, separated from the thick ascending limbs (TALs) and collecting ducts (CDs). That arrangement continues into the upper inner medulla (IM), with CDs forming clusters that exclude DVR.
In the outer medulla (OM), the compartmentalization of medullary blood flow is believed to contribute to the vulnerability of the TAL to hypoxic injuries. Indeed, despite receiving ϳ25% of the cardiac output, the mammalian kidney is susceptible to hypoxia, with medullary tissue oxygen tension of ϳ20 and ϳ10 mmHg in the OM and IM, respectively (42) . The low renal oxygen tension can be attributed in part to the high metabolic demands of the Na ϩ -K ϩ -ATPase, which accounts for the majority of the energy consumption in the kidney. Because the thick limbs are found outside of the vascular bundles, an arrangement that limits their oxygen supply, they are vulnerable to hypoxic injuries. On the other hand, the countercurrent arrangement among the DVR and AVR within the vascular bundles is believed to preserve oxygen delivery for the IM. Besides preserving medullary oxygenation, the OM morphology is also believed to increase the osmolality of the tubular fluid delivered to the IM via the CD.
The implication of the medullary morphology on IM function appears to be less clear. It has been proposed that the medulla tubular-vascular patterns and relationships may facilitate the production of a highly concentrated urine (29, 59 ). Layton et al. (29) proposed that, in the upper IM, the countercurrent system in the central region of the CD cluster may function specifically to raise the osmolality of CD tubular fluid by facilitating the targeted delivery of NaCl via loop-bend segments. In the terminal IM, where the CD clusters can no longer be distinguished, the CDs and descending limbs may be well configured for the delivery of urea and NaCl, respectively, for a solute-mixing concentrating mechanism. However, while mathematical models of the proposed concentrating mechanism have predicted a moderately concentrated urine, with composition consistent with experimental findings (19, 49) , those models have been unable to predict a urine osmolality near that of the maximum osmolality measured.
It has been proposed that the functional implication of the IM morphology lies not in the urine concentrating mechanism but in IM oxidative metabolism (57) . Thus a principal goal of this study is to assess the extent to which the medullary anatomy affects oxygen transport. We further investigate the extent to which the resulting medullary oxygenation may have a significant impact on the concentrating mechanism.
oxygen transport in the renal medulla. In addition to NaCl and urea (and a nonreabsorbable solute "NR" in the CD only), the present model also includes red blood cells (RBCs), hemoglobin (Hb), and O 2. Tubules and vasa recta are represented by rigid tubes that extend from the corticomedullary boundary (x ϭ 0) to the papillary tip (x ϭ L). The model represents loops of Henle, two-thirds of which turn at the OM-IM boundary and the remainder of which turn at all levels of the IM; the model also represents vasa recta that terminate or originate at all levels of the medulla and a composite CD. RBCs within vasa recta are represented by rigid tubes and interact with the surrounding plasma.
The region-based approach represents the 3D architecture of the renal medulla and the resulting preferential interactions among tubules and vessels by specifying the radial positions of those tubules and vessels within interconnected regions. Each region represents merged capillary plasma, interstitial cells, and interstitial space and is assumed to be a well-mixed compartment at a given medullary level. At every depth along the corticomedullary axis, a fraction of the DVR is assumed to peel off and supply the capillary plexus. Depending on the depth, different fractions of that dumped DVR flow are assigned to each of the regions. Within each region is a RBC compartment that represents RBCs within the capillaries that traverse that region. [This formulation of the capillary RBC differs from our previous work (11) . Key model equations are given in the APPENDIX.] To specify the relative positions of the tubules and vasa recta, each tubule or vas rectum is assigned to a particular region, or, in some cases, fractions of a tubule or vas rectum are distributed to two regions. Tubules and vasa recta that are in contact with different regions are influenced by different interstitial environments.
In the OM, four regions are represented, centered around a vascular bundle. The radial organization in the IM is also represented by means of four regions: one denotes a cluster of CDs, and the other three denote intercluster regions. The positions of the tubules and vessels are shown in Fig. 1 . In the OM, vasa recta that supply the IM form the vascular bundle and are contained within the innermost region (R1). TALs, which have high metabolic demands owing to their active reabsorption of NaCl, are located in the interbundle regions (R3 and R4), distant from the oxygen-carrying DVR (34) . In the upper 3-3.5 mm of the IM, CDs form clusters (R4), with DVR found outside those clusters (R1) (45, 46, 47, 48) . In the remainder of the IM, CD clusters are no longer clearly distinguishable, and the radial organization of the tubules and vessels is assumed to be increasingly homogeneous.
Below we summarize key components of the model that represent oxygen consumption. Full model equations can be found in Refs. 11, 31.
O2 consumption. The model represents basal O2 consumption by interstitial cells, vascular endothelial cells, and tubular epithelial cells, and O2 consumption for active transport in TALs, CDs, and proximal straight tubules. The volumetric rate of basal O2 consumption in tubule or vas rectum i is given by
AVR4

Inner stripe As endothelial and epithelial cells are located between the interstitium and the tubule or vas rectum lumen, the fraction ( cell) of R i,O2 basal attributed to the lumen (here, taken to be 0.5) is calculated based on luminal C O 2 , whereas the remaining fraction (1 Ϫ cell) is calculated based on the surrounding interstitial CO 2 (11) .
The model characterizes active NaCl transport (denoted ⌿ i,Na active , a volumetric rate) by Michaelis-Menten kinetics
where C i,Na is the Na ϩ concentration in tubule i, Vmax,i,Na denotes the maximum rate of Na ϩ transport [in nmol/(cm 2 ·s)], and KM,Na is the Michaelis-Menten constant. At sufficiently low luminal PO2 (below some critical value Pi,c), the maximum transport rate becomes limited by O2 concentration and is assumed to be a linearly decreasing function of PO2. When this occurs, anaerobic metabolism may supply a fraction of the energy needed to actively transport NaCl, so that, in the absence of O2 supply, some of the active transport is sustained. Thus the maximum rate of Na ϩ transport is given by
where V max,i,Na * is the maximal rate of Na ϩ transport when oxygen is not limiting, and FAN is the fraction of V max,i,Na * due to anaerobic metabolism when PO 2 ϭ 0. We assume that FAN is 0.5 in the OMCD (54, 60) , 0.4 in the IMCD (50), 0.1 in the TALs (3), and 0.14 in the proximal straight tubule (16) .
In isolated mitochondria, the PO 2 at which metabolism becomes oxygen limited is Ͻ1 mmHg (51). However, additional barriers to diffusion in tissue result in a significantly larger critical PO 2 value in the renal medulla. A review of measured values outside of isolated mitochondria (40) reports a range from 6 to 28 mmHg in dog, rat, and rabbit specimens. Another review reports a more narrow range of 10 to 17 mmHg in isolated tubules and kidney cells (21) . Based on these experimental measurements, we estimate a base-case value of P i,c ϭ 10 mmHg for both TALs and CDs.
The Na ϩ -K ϩ -ATPase stoichiometry suggests that at maximum efficiency, 18 mol of Na ϩ are reabsorbed through the transcellular pathway per mole of O2 consumed, which yields a TNa-to-QO 2 (TQ, where TNa denotes the moles of Na ϩ transported, and QO 2 denotes the amount of O2 consumed) ratio of 18. Favorable thermodynamic conditions may allow additional moles of Na ϩ to be reabsorbed paracellularly, thereby increasing the TQ ratio; conversely, unfavorable thermodynamic conditions would decrease the TQ ratio. Based on simulations of transport across tubular epithelia (41, 56), baseline TQ ratios were set to 18 for the ascending and descending limbs and 12 for the CD. (Simulation results, not shown, indicate that urine concentration is not substantially affected by physiological variations in TQ ratios.)
The model rate of O 2 consumption due to active transport by the proximal straight tubule, TAL, or CD cells is given by
where r i is the inner radius of the tubule (denoted by i), Ai,cell is the cross-sectional area of the epithelial cells (in the plane perpendicular to the corticomedullary axis), and TQi is the TQ ratio of tubule i. The DVR are assumed to deliver oxygen to the medulla as O2 dissolved in the blood and as HbO2 bound to Hb in the RBCs. The reaction kinetics of HbO2 dissociation are considerably faster than the diffusion of O2; thus the reaction is taken to be at equilibrium (11a) . Equilibrium data for oxyhemoglobin saturation (SO2) are well fitted by the Hill equation, such that SO2, by definition, equals
where C 50 is the O2 concentration at 50% saturation (taken to be 41.2 M) and n is the Hill equation exponent (taken to be 2.6) (22). The dissolved O 2 concentration is proportional to PO2, so that CO 2 ϭ ␣PO2, where ␣ is the solubility coefficient. Here, ␣ is taken to be 1.34 M/mmHg in plasma and tubular fluid and 1.56 M/mmHg in RBCs (11) . Model parameters not stated above can be found in Refs. 11, 31. Inflow and solute concentrations for the descending limbs and DVR are listed in Table 1 ; these boundary conditions are prescribed following our previous modeling study (32) . Boundary conditions for the CD are described in the APPENDIX.
RESULTS
Base case results.
With the base-case parameters and boundary conditions, the overall supply of O 2 to the OM, which is given by the total molar flow per nephron of O 2 and HbO 2 entering the descending vessels and tubules at the corticomedullary boundary, is computed to be 27.8 pmol·min ) is delivered to the IM.
In the OM, the TALs, with their active NaCl transport, at a rate of 457.5 pmol·min Ϫ1 ·nephron Ϫ1 , have by far the highest metabolic demand among all tubules and vessels, accounting for 97% of the total OM oxygen consumption of 22.6 pmol·min Ϫ1 ·nephron Ϫ1 (see Table 2 ). Thus the separation of the oxygen-supplying DVR, which are sequestered within the vascular bundles, from the TALs, which are located in the interbundle regions, generates a substantial radial gradient in interstitial PO 2 , as can be seen in Fig. 2A .
An analogous configuration is found in the IM. There, the IMCD cells actively reabsorb NaCl and account for the majority (96%) of the IM O 2 consumption. The total active NaCl reabsorption by IMCD is computed to be 77.6 pmol·min Ϫ1 ·nephron Ϫ1 (Table 2 ). In the upper IM, the CD occupies a position away from the DVR. As a result, a substantial radial gradient is again found in interstitial PO 2 in the upper IM. That radial gradient dissipates in the deep IM, where the distribution of tubules and vessels becomes homogeneous. The luminal PO 2 of the long ascending limb rises when it moves into an oxygen-rich position neighboring the DVR (see Fig. 2B ). That luminal PO 2 drops precipitously once active transport begins in the TALs.
The active reabsorption of NaCl from the TALs generates an axial fluid osmolality gradient along almost all structures, with the osmolality of the OMCD tubular fluid increasing 2.72-fold, from 309 mosmol/kgH 2 O at the corticomedullary boundary to 840 mosmol/kgH 2 O at the OM-IM boundary (see Fig. 2C ). In the IM, the active NaCl transport of the CD is followed by water reabsorption, which lessens the osmotic load on the IM concentrating mechanism, allowing a moderately concentrated urine with an osmolality of 1,182 mosmol/kgH 2 O to be generated, at a rate of 0.098 nl·min Ϫ1 ·nephron Ϫ1 .
1
Impact of 3D architecture. Our model represents the structural organization of the medulla by means of interconnected regions. To assess the impact of radial separation among different classes of tubules and vessels, we varied the solute permeabilities of the region boundaries. The degree of separation increases as the region boundary permeabilities decrease. In this study, the basecase boundary solute permeabilities are scaled by factors of ϭ 0.1, 10, and 100; ϭ 0.1 corresponds to greatest separation, whereas ϭ 100 corresponds to least separation.
When the degree of separation is lowered, oxygen delivery to the deep IM is reduced from 0.56 pmol·min Ϫ1 ·nephron Ϫ1 at 2.5 mm below the OM-IM boundary obtained for ϭ 0.1 to 0.15 pmol·min Ϫ1 ·nephron Ϫ1 for ϭ 100. Indeed, as can be seen from the interstitial PO 2 profiles shown in Fig. 3 , the model predicts that with a spatially homogeneous medulla (represented by ϭ 100), the deep IM is almost depleted of oxygen. This suggests that a functional role of the 3D architecture may be to preserve oxygen delivery to the papilla.
Through its effect on oxygen transport, medullary structural organization also impacts the urine concentrating mechanism.
As the degree of separation decreases, the model predicts that the urine osmolality increases, as can be seen from the CD tubular fluid osmolality profiles shown in Fig. 4 . This result is consistent with our previous sensitivity studies (30, 33) . With more mixing, the OMCD delivers a less concentrated fluid to the IM. However, that decrease in OMCD fluid osmolality is accompanied by an elevation of fluid osmolality in the DVR. A more concentrated fluid carried by the DVR has less of a diluting effect on the IM concentrating mechanism, resulting in the eventual production of a more concentrated urine. These results suggest that the functional implication of the 3D architecture of the renal medulla may not lie in the production of a highly concentrated urine, or at least not directly, but rather in the delivery of a sufficiently oxygenated blood to the papilla. 1 We use the word "osmotic load" to mean a descending tubular or vascular fluid flow that must be concentrated by the concentrating mechanism. Because of their high metabolic demand and because of their separation from the vascular bundles, the TALs, particularly those of superficial nephrons, operate near hypoxia, with average luminal PO 2 as low as 2.5 mmHg in the inner stripe. We hypothesize that when oxygen supply is decreased, the 3D architecture in the OM exacerbates the hypoxic conditions.
To assess the validity of that hypothesis, we consider a scenario that is known to frequently result in acute kidney injury: cardiac surgery performed on cardiopulmonary bypass (23) . DVR inflow conditions are adjusted to simulate medullary blood flow during the surgery: boundary vascular flow is reduced to 5 nl/min and hematocrit is reduced to 0.14 (1).
Because the TALs appear to be most readily injured in hypoxia, we report TAL luminal PO 2 and interstitial PO 2 for the base case, and for two hypoxia scenarios, one with baseline 3D architecture and another with reduced separation (region permeabilities increased by 100-fold). These values, averaged over the outer stripe or inner stripe, are shown in Fig. 5 . The model predicts that the short ascending limb operates at the lowest PO 2 . In the base case, its inner stripe luminal PO 2 averages 2.46 mmHg; that PO 2 falls by over 60% to 0.98 mmHg when oxygen supply is reduced, which indicates a significant danger of injury. A similar drop in PO 2 is observed in the surrounding interstitial fluid. In the more homogeneous OM, however, average short ascending limb inner stripe luminal PO 2 would be substantially higher, at 1.39 mmHg. Similar results are predicted for its surrounding interstitial fluid.
Effects of varying vascular inflow.
Medullary blood flow is known to be modulated by vasopressin (13, 43, 53) and to increase when renal interstitial hydrostatic pressure is elevated (14) . To understand how variations in medullary blood flow impact medullary oxygenation and urine concentration, we conduct simulations in which DVR fluid flow is set to 5, 7, 9, and 12 nl/min at the corticomedullary boundary (base-case inflow is 8 nl/min). Vascular boundary solute concentrations are kept at the base-case values. The higher vascular flows raise medullary oxygen tension. With a vascular inflow of 12 nl/min, mid-inner stripe and papillary tip average PO 2 were computed to be 16.4 and 12.1 mmHg, respectively, which correspond to 14 and 57% increases above base case. On the other hand, increasing vascular inflow to 9 and 12 nl/min results in 10.2 and 32.8% decreases in urine osmolality, respectively. This finding is intuitive, inasmuch as higher blood flow augments the load on the concentrating mechanism and consequently lowers the concentrating effect. This result is also consistent with the predictions of a whole-kidney model by Moss and Thomas (39) , which only produces a moderately concentrated urine when only one out of five efferent arterioles associated with the juxtamedullary nephrons is assumed to perfuse the medulla (which yields a DVR inflow of ϳ6.5 nl/min).
Decreasing vascular inflow to 7 and 5 nl/min yields two competing effects. The lower oxygen supply results in a lower PO 2 everywhere, with interstitial fluid PO 2 reduced by approximately 1-2 mmHg for the 7 nl/min case and approximately 2-8 mmHg for the 5 nl/min case. Taken in isolation, a sufficiently low PO 2 limits Na ϩ -K ϩ -ATP transport activity and reduces urine concentration. Indeed, TAL active NaCl transport is slightly reduced, and the CD fluid osmolality is lower than base case in the outer stripe, albeit only by a minute amount. However, capillary flow is also reduced, which becomes a substantially more dominant effect in the inner stripe and IM, where the DVR break into radial capillary flow at a much higher rate than in the outer stripe. Together, these factors result in 9.7 and 30.0% increases in urine osmolality with DVR inflows of 7 and 5 nl/min, respectively, compared with base case.
Critical PO 2 for active transport. The critical PO 2 values below which TAL and CD active transport becomes oxygen limited (denoted P c ) are not well characterized. To assess the sensitivity of model results to P c , we conduct simulations for P c ϭ 1, 5, and 20 mmHg (base-case P c ϭ 10 mmHg). With a higher P c , TAL active transport becomes slower and less O 2 is consumed in the inner stripe, preserving more O 2 for the IM. Consequently, IM PO 2 is higher, as is the active reabsorption of NaCl by the IMCD, resulting in a slightly more concentrated urine. Nevertheless, the overall effect on the concentrating mechanism is small: as P c increases from 1 to 20 mmHg, urine osmolality increases by only 1.6%. The effect on interstitial PO 2 is noticeable but minor; see Fig. 6 .
Effect of pH on oxygenation and sodium transport. In a phenomenon known as the Bohr effect, the affinity of Hb for O 2 decreases with a decrease in pH. Burke et al. (9) observed an increase in tissue pH, from 7.20 to 7.31, after addition of furosemide, a finding that suggests the interstitial fluid surrounding the TALs may have a pH lower than that in the vascular bundles. Kuramochi et al. (27) measured pH values in the IM of 6.02 in the CD and 6.71 and 6.57 in the DVR and AVR, respectively, indicating that the IM is more acidic than the OM and that the interstitial fluid surrounding the IMCD may have a noticeably lower pH than that around the vasa recta. Thus the Bohr effect may play an important role in modulating O 2 availability in the medulla.
To assess the impact of the Bohr effect, we allow the O 2 dissociation curve to shift to the right under conditions of increased acidity. Specifically, we calculate the parameter C 50 (in Eq. 5) as follows, assuming a constant Bohr coefficient of Ϫ0.48 (61): (6) where C O 2 ϭ ␣PO 2 , as in Eq. 5. We assume that within the OM, fluid in the interstitium, vessels, and tubules has a pH of 7.4 in the vascular bundles (R1 and R2), and a pH of 7.2 in the interbundle regions (R3 and R4). In the IM, we decrease the pH linearly, such that at 1 mm above the papillary tip, the pH in the intercluster regions (R1 and R2) is 6.64, and that in the intracluster regions (R3 and R4) is 6.02 (27) .
The acidity in the interbundle and intracluster regions (R3 and R4) facilitates the dissociation of HbO 2 ; the predicted interstitial PO 2 profiles are shown in Fig. 7 . The higher O 2 availability increases active Na ϩ reabsorption from the TALs and IMCDs, by 4.4 and 8.7%, respectively (see Table 2 ).
DISCUSSION
We extended a highly detailed mathematical model of oxygen transport in the OM of the rat kidney (10, 11) Comparison with experimental results. Measurements of PO 2 in the renal OM typically range from 20 to 30 mmHg (6, 17, 18, 37, 44) . Model predictions are in agreement with the low end of the data (see Fig. 2 ). The significantly higher PO 2 predicted in the core of the vascular bundles (30 -40 mmHg) is likely irrelevant in a comparison with experimental data, owing to the near absence of interstitial cells in that region. PO 2 measurements in the renal IM range from 4 to 26 mmHg, generally measured in the upper half of the IM. In the dog kidney, PO 2 was measured as 8 -10 mmHg at a depth of 2-4 mm below the corticomedullary boundary, i.e., ϳ0 -2 mm below the OM-IM boundary (5) . In the rat kidney, PO 2 was estimated to be 25 mmHg at a depth of 1-2 mm below the OM-IM boundary (38) . In the human kidney, PO 2 was measured to be 26 mmHg at the OM-IM boundary and 22 mmHg at 3 mm below the OM-IM boundary (35). In another study using the dog kidney, a PO 2 of ϳ4 mmHg was measured in the IM (2) . Model predictions from the present study generally lie within this range throughout the IM: in R2, PO 2 ranges from 7.2 to 18 mmHg; in R3, PO 2 ranges from 6.2 to 13 mmHg; and in R4, PO 2 ranges from 3.4 to 12 mmHg.
The model predicts an oxygen consumption-to-delivery ratio of 81% in the OM, in good agreement with the estimate of 79% from Ref. 7 , and an overall medullary ratio of 93.5%. Furthermore, the model predicts that basal metabolic rate contributes to ϳ4% of overall oxygen consumption in the medulla, at the low end of the range of 3-18% estimated for the mammalian kidney (12) . It is possible that the model underestimates the level of basal O 2 consumption.
Impact of 3D architecture on medullary oxygenation. Model results indicate that the separation of the oxygen-rich DVR from the metabolically demanding nephron segments generates a substantial PO 2 radial gradient in the OM (see Fig. 2 ). That radial gradient preserves O 2 delivery to the deep medulla. The model predicts that 16.5% of the medullary O 2 supply reaches the IM. That fraction is rather large, inasmuch as almost four-fifths of the DVR turn within the OM, which implies that ϳ80% of the medullary O 2 supply must bypass the IM. However, because of the isolation of the DVR and (some) AVR within the vascular bundles and of their countercurrent arrangement, the DVR deliver to the IM a fluid with a relatively high PO 2 (ϳ36 mmHg).
A similar PO 2 radial gradient is predicted in the upper IM, where the DVR are situated away from the IMCD. That separation preserves oxygen delivery to deep IM in the base case, with 3.3% of the O 2 supplied to the IM reaching the terminal 1.5 mm. When the arrangement of tubules and vessels is assumed nearly homogeneous throughout the medulla, the fractional O 2 delivery drops to 0.8% (see Fig. 4 ).
Its separation from the DVR renders the TAL particularly vulnerable to hypoxic injury when medullary oxygen supply is reduced. One such example we considered is cardiopulmonary bypass surgery, of which acute kidney injury is a prevalent complication (23) . Our calculations indicate that during surgery, hemodilution lowers medullary oxygen supply by 64%, from 27.8 (base case) to 9.95 pmol·min Ϫ1 ·nephron Ϫ1 . Together medullary fractional oxygen extraction increases from 93.5 to 96.6%, and average inner stripe luminal PO 2 of TAL of short loops falls from its base-case value of 2.46 to 0.98 mmHg, which suggests a substantial risk of hypoxic injury.
Impact of 3D architecture on solute distribution. Model results indicate that the marked radial organization of the OM, in which tubules are organized around the vascular bundles, has a significant impact on the concentrations of the interstitial fluid that interacts with different tubules and vessels. This result has been predicted by many investigators (4, 15, 20, 24, 25, 26, 36, 52, 55, 59 ) and by our own modeling studies (11, 29, 32) . In the context of the urine concentrating mechanism, the OM radial organization results in a focusing of TAL concentrating capacity on the descending limbs and CDs, resulting in a substantial radial NaCl concentration gradient, and thus an osmolality gradient, across the regions. Similarly, the high oxygen consumption rate of the TAL generates a marked radial PO 2 gradient (see Fig. 2A ).
The functional implication of the 3D architecture in the IM is more controversial. Recently, Weinstein (57) argued that the structure of the IM may have little effect on understanding the urine concentrating mechanism, as short diffusion distances between different regions and low relative fluxes across interstitial layers would lead to trivially small radial Na ϩ and urea concentration gradients. However, a substantial radial O 2 concentration gradient could still be produced, due to IM consumption of O 2 , which would drive up fluxes in an interstitial layer with the same permeability.
Results from the present model support much of that hypothesis. The model predicts a much more homogeneous interstitial fluid NaCl concentration, urea concentration, and osmolality in the IM, relative to the OM, even in the initial IM where the structural organization of the tubules and vessels is assumed to be well defined. Again, this result is consistent with our previous modeling studies (30) . The much smaller difference in NaCl concentration among the regions, compared with the OM, is a result of the absence of significant active Na ϩ transport in the thin ascending limbs.
In contrast, a marked PO 2 gradient is predicted in the upper IM, where PO 2 differences between regions are as high as 27 mmHg in the early IM ( Fig. 2A) , due in large part to active IMCD O 2 consumption. Furthermore, simulation results suggest that the absence of regionalization would yield almost complete depletion of oxygen in the deep IM. Thus our results support the hypothesis of Weinstein (57) that the IM 3D architecture may serve to preserve oxygen delivery to the papilla, rather than to produce a highly concentrated urine.
Based on tubular separation values that Westrick et al. (58) measured, Weinstein (57) estimated the radial concentration gradients required to drive representative fluxes across a 10-m IM interstitial layer, which is the distance between a typical descending limb and its closest IMCD. To compare Weinstein's estimates with predictions by the present model, we consider the concentration differences between R3 and R4, where the descending limbs and CD are located, respectively. Note, however, that in the model, R3 and R4 separate a typical descending limb and a typical IMCD, whereas the 10-m distance used by Weinstein represents the separation between a typical descending limb and its closest IMCD. Table 3 shows fluxes and concentration gradients predicted by our model and estimated by Weinstein, assuming 80% diffusion hindrance by structures within the interstitial layer. Solute fluxes are obtained 1 mm below the OM-IM boundary. The concentration gradients are given by the difference between R3 and R4. The present model predicts relatively small IMCD urea fluxes in the upper IM, because the IMCD is assumed to have a large urea permeability in the deep IM only. The concentration differences predicted by the model agree well with Weinstein's estimates. The discrepancies can be attributed, in part, to 1) water reabsorption from the CD and other water-permeable structures, which may reduce the concentration gradient; and 2) solute fluxes from structures other than the CD.
Anaerobic metabolism. Experiments have demonstrated that when PO 2 becomes critically low in the rat IMCD, cellular ATP levels can be maintained at 40% of the control (i.e., the case when the IM CD is sufficiently oxygenated) (50) . In the mouse OMCD, ATP levels are 80% of control in the deoxygenated case (54) vs. 30 -40% in the rabbit (60) . Thus F AN is taken to be 0.4 in the IMCD and 0.5 in the OMCD. In the medullary TALs, data from mice indicate that the ATP levels drop without oxygen to ϳ5% of control (54) . Under hypoxic conditions, lactate production can increase significantly in the rat medullary TAL (3), indicating that anaerobic metabolism may be higher in the rat medullary TAL than in the mouse. Thus F AN is taken to be 0.1 in the medullary TAL. Experiments in the rat proximal tubules (16) indicate that ATP levels drop 86% compared with control in the absence of oxygen. Although these data are not from the rat, they represent the closest available estimate; thus F AN is taken to be 0.14 in the model proximal tubule.
The model predicts that, under baseline conditions, only a small fraction of the TAL active transport is anaerobic. Suppose the contribution of anaerobic metabolism (denoted r AN ) is given by the ratio of anaerobic to total (aerobic and anaerobic) active NaCl transport. The model estimates r AN to be 19 and 7% for the long and short ascending limbs, respectively. The fraction of anaerobic active NaCl transport is substantially higher for the CD, in large part because of its higher F AN value (see DISCUSSION): r AN is evaluated as 34% for the OMCD and 46% for the IMCD. In summary, model results suggest that the 3D medullary architecture preserves oxygen delivery to the deep IM but also significantly increases the likelihood of hypoxic injury in the TALs. If the interbundle region, where the medullary TALs are located, is more acidic than the vascular bundles, then O 2 delivery to TALs will increase, as will NaCl reabsorption from the thick limbs.
APPENDIX
Model equations for capillary RBCs. In Ref. 11, capillary RBCs were explicitly represented as radially traversing tubes. That formulation requires the estimate of the total length of capillaries within each region, which is not well characterized. Furthermore, each medullary depth is associated with a series of capillary tubes, all of which must be discretized in the numerical computations, adding to the computational cost. Thus, in the present study, we have adopted a simpler formulation that represents RBCs within the capillaries that traverse a given region as a RBC compartment. The two formulations yield very similar results, with the new formulation having a substantially lower computational cost.
Solute conservation for the capillary RBC (denoted B) in region R is given by:
where k denotes the solute index. A schematic diagram is shown in Fig. A1 . The first term represents the diffusive solute flux into the RBC from the associated interstitial region. The next term represents the solute flux from descending RBC tubes terminating at level y ϭ x 
where ␤B1,OM ϭ 0.95, ␤B2,OM ϭ 0.05, and ␤B3,OM ϭ 0.2. In the IM, we have
where ␤B4,IM ϭ 0.5, ␤B1,IM ϭ 0.9, and ␤B3,IM ϭ 0. The first term represents water flux between RBC capillary compartment B and neighboring region R, where dB is the product of the water partial molar volume and the water permeability, k is the reflection coefficient for solute k, and k is the osmotic coefficient of solute k. The second term represents the water flux from descending RBC tubes terminating at level y ϭ x into capillary RBC compartment B. The remaining terms represent the water source and sink terms associated with the ascending RBC (Q ARBC) or into neighboring capillary RBC compartments (QB=,B and QB,BЉ). The first three terms in Eq. 10 are used to determine the total accumulation of water flow in compartment B, which then determines Q ARBC and QB,BЉ. CD inflow boundary conditions. Boundary conditions for CD inflow follow our previous approach (29, 32) with minor adjustments in parameters. The model assumes that 1) 82% of the water that is delivered to the early distal tubule by the cortical TAL is absorbed in the cortex by the distal tubule, connecting tubules, and cortical CD; 2) the osmolality of CD fluid at the corticomedullary boundary is equal to blood plasma osmolality, and NR concentration is set to 7 mM; 3) CD O 2 concentration is set to 15.2 ϫ 10 Ϫ3 mM (11.3 mmHg); and 4) 92.5% of the Na ϩ that is delivered to the early distal tubule by the cortical TAL is absorbed in the cortex. Together, these assumptions determine CD boundary fluid flow and all solute concentrations.
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